Aprotic ionic polymers containing trimethylsilylmethyl-substituted imidazolium structures are synthesized using free radical polymerization of monomers comprising a vinyl group either at the cation or at the anion. Bulk polymerization is used for the room temperature ionic liquid monomer 1-trimethylsilylmethyl-3-vinylimidazolium bis(trifluoromethylsulfonyl)imide. In contrast to this, solution polymerization is applied for 1-trimethylsilylmethyl-3-methylimidazolium p-styrene sulfonate because this monomer undergoes self-polymerization during melting at a higher temperature than selected for bulk polymerization.
| INTRODUCTION
Ionic polymers are generally synthesized either by solution polymerization of various ionic monomers or bulk polymerization in the case that ionic liquid monomers are applied. [1] [2] [3] [4] [5] [6] [7] Ionic liquid monomers are ionic liquids that are substituted with a polymerizable functional group. Like all ionic liquids, they consist in their pure form entirely of ions. The main advantage of ionic liquids and ionic liquid monomers compared to organic solvents and traditional monomers is their negligible vapor pressure. [8] As in case of traditional ionic liquids, a variation of both the anion and the cation structure influences the physical properties of polymerizable ionic liquids as well, such as viscosity, melting point, or glass transition temperature. [5, [9] [10] [11] [12] [13] [14] [15] Examples for polymerizable cations are substituted vinylimidazolium ions, although styrene sulfonate is an example for a polymerizable anion. [16] Furthermore, introduction of silicon into one alkyl substituent of the cation instead of carbon results in a decrease in the viscosity of the 1-trimethylsilylmethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (NTf 2 − ) compared to the corresponding ionic liquid containing only carbon atoms in the alkyl substituents. [10] [11] [12] The introduction of silicon into the alkyl substituent at the cation may be also interesting for ionic liquid monomers because they can function as starting materials for manufacturing of silicon substituted ionic polymers. Protic silicon substituted ionic liquid monomers are known from the literature. [17] They are formed by a proton transfer reaction from an acid to a base. Especially in case of using organic acids, equilibria between the non-dissociated acid and the ionic form need to be taken into consideration because these equilibria additionally influence the properties of the protic ionic liquids and protic ionic liquid monomers. Temperature and concentration may additionally influence these equilibria. However, such equilibria do not exist in aprotic ionic liquid monomers. Therefore, the ionic structures are more stable in aprotic ionic liquid monomers and ionic polymers derived of them.
Polymerization of ionic monomers and ionic liquid monomers results in polyelectrolytes. Mostly, free radical polymerization of vinyl-substituted ionic monomers or ionic liquid monomers has been applied for polyelectrolyte manufacturing. Typical applications for those ionic polymers are found in gas separation membranes, water repellant surfaces, antistatic coatings, and antimicrobial surfaces. [7, [18] [19] [20] [21] [22] [23] [24] In this study, synthesis of novel aprotic trimethylsilylmethyl substituted ionic monomers is described that contain either a polymerizable cation (ionic liquid monomer) or a polymerizable anion (solid ionic monomer). Furthermore, free radical polymerization is in the focus of this work because it can be easily used to convert these monomers in ionic polymers comprising either a polycation and mobile anions or a polyanion and mobile cations. Furthermore, the influence of the chemical structural differences of the polymers is discussed on both the glass transition temperature and intrinsic viscosity of polymer solutions.
| EXPERIMENTAL

| Materials
Potassium iodide (Carl Roth), silver nitrate (VWR), (chloromethyl)trimethylsilane (Sigma-Aldrich), sodium 4-vinylbenzenesulfonate (Sigma-Aldrich), 4,4 0azobisisobutyronitrile (AIBN, Sigma-Aldrich), and lithium bis(trifluoromethylsulfonyl)imide (NTf 2 − ) (IoLiTec Ionic Liquid Technologies GmbH) were used as received. 1-Vinylimidazole (Sigma-Aldrich) was added dropwise to a column filled with basic aluminum oxide to remove the inhibitor. After that, it was distilled in vacuum (bp 80 C, 10 mbar). 1-Methylimidazole (Sigma-Aldrich, bp 98 C, 30 mbar), ethyl acetate (Carl Roth, bp 77 C), and acetonitrile (Carl Roth, bp 82 C) were distilled prior to use as well. Deuterated solvents (MeOD, CD 3 CN) comprising tetramethylsilane (TMS) as an internal standard (ARMAR Europa GmbH) were used as obtained. 
|
| Anion metathesis of 1-trimethylsilylmethyl-3-methylimidazolium chloride with lithium bis(trifluoromethylsulfonyl)imide
Lithium bis(trifluoromethylsulfonyl)imide (15.0 g, 52.3 mmol) was dissolved in 20 ml water and added dropwise to a solution of 1-trimethylsilylmethyl-3methylimidazolium chloride (10.0 g, 48.8 mmol) in 20 ml water. The reaction mixture was stirred at room temperature for 12 h. The aqueous phase was subsequently decanted, and the product was washed with fresh water (5 × 50 ml). Washing process was finished when addition of aqueous AgNO 3 solution to the washing water did not result in precipitate. Yield on 1-trimethylsilylmethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (2) 13 C NMR spectra are depicted in Figure S1 , although the FT-IR spectrum is shown in Figure S2 in the supporting information.
| Cation metathesis of sodium p-styrenesulfonate with silver nitrate
Silver p-styrenesulfonate was prepared by reacting equimolar quantities of sodium p-styrenesulfonate (40.0 g, 0.194 mol) with silver nitrate (33.0 g, 0.194 mol). Therefore, the starting materials were separately dissolved in distilled water (200 ml water for sodium p-styrenesulfonate and 33 ml water for silver nitrate). The reaction was carried out by mixing the solutions followed by stirring the resulting mixture in the absence of light at room temperature for 2 h. The precipitated monomer was filtrated, washed with water (3 × 50 ml), and dried under vacuum at 40 C for 48 h resulting in silver p-styrene sulfonate as a white solid. Yield: 50 g, 88%. mp: 310 C.
| Anion metathesis of 1-trimethylsilylmethyl-3-methylimidazolium chloride with silver p-styrenesulfonate
Silver p-styrenesulfonate (36.20 g, 12.4 mmol) was suspended in methanol (50 ml) followed by addition of a methanolic solution of 1-trimethylsilylmethyl-3-methylimidazolium chloride (32.80 g, 11.6 mmol; dissolved in 20 ml methanol). The solution was purged with nitrogen to remove residual oxygen, and it was kept under argon for the entire reaction time. The solution was stirred for 2 h at room temperature resulting in precipitation of silver chloride. The precipitate was filtrated and washed with methanol (4 × 25 ml). The methanolic solutions were unified, and the solvent was removed under reduced pressure. The product was dried in vacuum for 24 h. The 1-trimethylsilylmethyl-3-methylimidazolium pstyrenesulfonate (3) was obtained as a white solid. Yield: 34.5 g, 84%. H 2 O content: 0.09%. mp: 100-101 C undergoing self polymerization during melting. 1 Figures S3 and S4 in the supporting information. The FT-IR spectrum of 3 is given in Figure S5 in the supporting information as well. Elemental analysis data calc. for the ionic liquid monomer 3: C, 54.51; H, 6.86; N, 7.95; S, 9.10. Found: C, 53.62; H, 6.74; N, 7.73; S, 9.14. The difference to 100% gives information about the sum of oxygen and silicon containing in the monomer 3.
| Synthesis of (iodomethyl) trimethylsilane (4)
A Finkelstein reaction was carried out to replace the halogen atom of (chloromethyl)trimethylsilane with potassium iodide. [25] Acetone was distilled and dried over CaCl 2 before using it in the reaction. (Chloromethyl) trimethylsilane (44.85 g, 366 mmol) was added to a solution of potassium iodide (66.76 g, 402 mmol) in acetone (300 ml) and stirred at room temperature over night. The potassium chloride precipitated immediately as a white powder. The solution was kept under argon atmosphere in the dark. The potassium chloride was filtrated at first, and then, acetone was removed from the clear solution via distillation. The (iodomethyl)trimethylsilane (4) was obtained as a colorless liquid. Yield: 75.38 g, 90%. 1 
| Quaternization of 1-vinylimidazole with (iodomethyl) trimethylsilane
(Iodomethyl)trimethylsilane (10.0 g, 46.7 mmol) was added dropwise to previously distilled 1-vinylimidazole (4.4 g, 46.7 mmol). The reaction mixture was stirred under argon at room temperature for 7 days. The product was washed with ethyl acetate (3 × 20 ml) and dried under vacuum for 2 days. The 1-trimethylsilylmethyl-3-vinylimidazolium iodide (5) was obtained as a colorless oil. Yield: 10.2 g, 85%. T g = −25 C. 1 
| Anion metathesis of 1-trimethylsilylmethyl-3-vinylimidazolium iodide with lithium bis(trifluoromethylsulfonyl)imide
A solution of lithium bis(trifluoromethylsulfonyl)imide (9.78 g, 34.1 mmol) in water (25 ml) was added under stirring to a solution of 1-trimethylsilylmethyl-3-vinylimidazolium iodide (10.0 g, 32.4 mmol) in 20 ml water. The reaction mixture was further stirred at room temperature for 2 h. The water phase was decanted, and the product was washed with fresh water until the AgNO 3 test was negative. The product was extracted with dry dichloromethane (30 ml), and the resulting solution was dried over Na 2 SO 4 . The desiccant was filtrated, and the solvent was removed from the solution under reduced pressure to give the 1-trimethylsilylmethyl-3-vinylimidazolium bis(trifluoromethylsulfonyl)imide (6) The NMR spectra of monomer 6 are given in Figure S6 and the FT-IR spectrum is shown in Figure S7 in the supporting information.
| Polymerization of ionic monomers
containing the trimethylsilylmethyl substituent at the imidazolium ion (3) was dissolved in acetonitrile for thermal initiated polymerization using AIBN as initiator because this monomer is solid at room temperature, and it polymerizes during melting. In a typical procedure, 10 mmol (3.53 g) of 1-trimethylsilylmethyl-3-methylimidazolium p-styrenesulfonate (3) were dissolved in 40 ml acetonitrile and purged with argon for 20 min. The polymerization was initiated by addition of 16.4 mg (0.1 mmol) AIBN under stirring at 70 C in argon atmosphere for 8 h. Then, the solvent was removed under reduced pressure, and the resulting polymer was washed with acetone 5 times using 10 ml acetone each, and dried at 50 C under vacuum for 48 h. The poly(1-trimethylsilylmethyl-3-methylimidazolium pstyrenesulfonate) (7) was obtained as a tacky white solid. Yield: 2.9 g, 84%). Elemental analysis data for the ionic polymer 7 Found: C, 51.58; H, 6.94; N, 7.54; S, 8.94. The difference to 100% gives information about the sum of oxygen and silicon containing in the polymer 7. The NMR spectra of polymer 7 ( Figure S8 ) and the FT-IR spectrum of 7 ( Figure S9 ) are given in the supporting information.
was a viscous liquid, it was polymerized in bulk using AIBN as initiator. In a typical procedure, 2.0 g of 6 (4.33 mmol) were purged with argon for 20 min before addition of AIBN (7.21 mg, 0.04 mmol). The polymerization was carried out at 70 C for 24 h under an argon atmosphere and stirring as long as possible. Then, the obtained poly(1-trimethylsilylmethyl-3-vinylimidazolium NTf 2 − ) (8) was washed five times with methylene chloride (10 ml) to remove the remaining monomer, and dried at 50 C under vacuum for 48 h, and additionally at 45 C under vacuum (8 mbar) for 56 h resulting in 1.9 g of the tacky solid colorless polymer 8. Yield: 95%. The NMR spectra of polymer 8 are depicted in Figure S10 , and the FT-IR spectrum of 8 is shown in Figure S11 in the supporting information. [26] [27] [28] 
Intrinsic viscosity [η] was determined from the plot of reduced viscosity data (η spec /c) as function either of the concentration (according to Huggins (H), see Figure 1 ) or the specific viscosity (according to Schulz-Blaschke (SB), see Figure 2 ) using linear regression with the y-axis at zero concentration. [26] η red = η spec
| DSC measurements
A differential scanning calorimeter DSC Q2000 (TA Instruments) using liquid nitrogen as cooling agent was used to determine the glass transition temperatures of the ionic monomers and polymers. The samples were placed in an aluminum T zero pan, hermetically sealed with T zero lid, and measured in a temperature range between −120 and +100 C with cooling and heating rates of 5 K/min (monomer 6) and between −120 and +150 C with cooling and heating rates of 20 K/min (polymers DSC investigation of the monomer 3 was carried out using DSC Q200 (TA Instruments) between −75 C and 120 C at a heating rate of 5 K/min.
| Melting point determination
The melting point of the solid ionic monomer 3 was determined using a Melting Point M-656 from BÜCHI because this monomer polymerized during melting as detected by both DSC investigation and 1 H NMR measurements (see Figure S4 in the supporting information).
| Water content determination
Measurement of the water content in the ionic liquids after vacuum drying was carried out using a Karl Fischer Coulometer from Metrohm, which was equipped with an oven (Thermoprep) and a dual platinum sensor. HYDRANAL ® water standards (Coulomat AG) purchased from Riedel de Haën were used for calibration.
| NMR and FT-IR spectroscopy
1 H NMR (300 MHz) and 13 C NMR (75 MHz) spectra were taken with a Bruker Fourier 300 spectrometer. Infrared spectra were recorded on a Bruker FT-IR ALPHA instrument.
| Elemental analysis
Elemental analysis was conducted using a vario micro cube (CHNS mode) from Elementar Analysensysteme GmbH, which was calibrated prior to each measurement with sulfanilamide (C 6 H 8 N 2 O 2 S) as standard. The samples were dried at 50 C under vacuum for 48 h before the elemental analysis measurements. Each sample was analyzed five times to verify the results.
| RESULTS AND DISCUSSION
Silicon-substituted ionic liquids are interesting for application in gas permeation and gas separation membranes if they are combined with polymerized ionic liquids containing pyrrolidinium structures. [29] Introduction of a vinyl substituent instead of a methyl group and a trimethylsilylmethyl group instead of a further alkyl substituent at the imidazolium ion gives a new aprotic ionic liquid with a polymerizable cation. Furthermore, selection of p-styrenesulfonate as anion to the 1-trimethylsilylmethyl-3-methylimidazolium ion results in a new aprotic ionic monomer with a polymerizable anion.
| Synthesis of new aprotic ionic monomers
The two different synthetic paths to novel trimethylsilylmethyl substituted imidazolium based ionic monomers are depicted in the Schemes 1 and 2. Scheme 1 includes the synthesis of both the known ionic liquids 1 and 2 as well as the novel ionic monomer (3) containing the trimethylsilylmethyl group at the imidazolium cation and styrene sufonate as polymerizable anion. Scheme 2 depicts the preparation of iodomethylsilane (4) that was applied for the synthesis of the monomers 5 and 6. The (iodomethyl)trimethylsilane (4) was obtained from (chloromethyl)trimethylsilane by a Finkelstein reaction (Scheme 2a). [25] The novel ionic The structure of the ionic liquid 2, the ionic monomer 3, and the ionic liquid monomer 6 was confirmed by NMR-and IR spectroscopy (see Figures S1-S3 and S5-S7 in the supporting information). Furthermore, the presence of 9.1% of sulfur quantified by elemental analysis additionally document the successful counter ion exchange of chloride by p-styrenesulfonate in case of the monomer 3. The ionic monomer 3 and the ionic liquid monomer 6 are useful for synthesis of ionic polymers using free radical polymerization.
| Ionic polymers made from new aprotic ionic monomers
| Polymer synthesis by free radical polymerization of ionic monomers
The ionic monomer 3 comprising a polymerizable anion is solid whereas the ionic liquid monomer 6 containing a polymerizable cation is a viscous liquid at room temperature. Therefore, free radical polymerization was carried out in solution in case of 3 (Scheme 3) although 6 was polymerized in bulk (Scheme 4) using AIBN as initiator for both polymerizations.
The higher yield of polymer 8 (95%) compared to 7 (84%) is attributed to bulk polymerization of 6 whereas 3 was polymerized in solution because 3 is not liquid at the polymerization temperature.
| Characterization of the ionic polymers
The new ionic polymers 7 and 8 were characterized by NMR spectroscopy, AT-IR spectroscopy, and intrinsic Figure S8 in the supporting information) show differences in the line shape between the signals assigned to the segments of the polystyrene sulfonate backbone and the 1-trimethylsilylmethyl-3-methylimidazolium counter ions that indicate significant differences in the mobility between the negatively charged segments of the polymer backbone and the mobile counter ions.
Furthermore, the cationic polymer 8 shows hydrophobic behavior caused by the NTf 2 − anion. The 1 H NMR spectrum of the poly(1-trimethylsilylmethyl-3-vinylimidazolium NTf 2 − ) (8) ( Figure S10a in the supporting information) shows broad non-structured signals of the imidazolium ion, the CH 2 and CH groups, as well as the trimethylsilyl-group indicating that they belong to the polymer backbone. The 13 C NMR spectrum of this polymer ( Figure S10b in the supporting information) shows the sharp signals of the CF 3 substituents bound at the anion and the methyl groups at the silicon substituent that is linked via a methylene spacer at the cationic segments of the polymer chain. In contrast to this, the broad signals are assigned to the vinylimidazolium segments of the polymer chain. The intrinsic viscosity of the polymers as measured from a dilute polymer solution gives information about the macromolecular shape, flexibility, and molecular weight of the polymers. [26, 27] Though polymerized ionic liquids and other ionic polymers are polyelectrolytes, addition of salt is necessary to minimize ionic interactions of the polymer chain. Furthermore, addition of salt containing the same counter ion as the polyelectrolyte (0.05 M 1-trimethylsilylmethyl-3-methylimidazolium chloride in case of 7 and 0.05 M lithium NTf 2 − in case of 8) reduces the dissociation of the polyelectrolytes into polyions and counter ions in the high polar solvent [DMSO:H 2 O (9:1 vol:vol)] resulting in reduction of stiffness of the polymer chains. Minimization of polyelectrolyte dissociation is necessary because higher stiffness of a polymer chain caused by dissociation may result in higher reduced viscosity compared to a randomly coiled non-charged polymer.
To determine the intrinsic viscosity of 7 and 8, respectively, dissolved in DMSO:H 2 O (9:1 vol:vol) mixture, 1-trimethylsilylmethyl-3-methylimidazolium chloride (1) was added in case of 7 because the mobile cation is the same, and lithium NTf 2 − was added in case of 8 because the mobile anion is identical. Interestingly, significant differences were found comparing the intrinsic viscosity of 7 and 8 in the DMSO-water-salt-mixtures (Figures 1  and 2 (8) in the DMSO water mixture containing 0.05 M salt is better compared to that of poly(1-trimethylsilylmethyl-3-methylimidazolium p-styrenesulfonate) (7) in the same solvent mixture containing another salt with the same concentration.
The higher intrinsic viscosity of the cationic polymer 8 may be caused by a higher molecular weight that was obtained by free radical polymerization of 6 in bulk. In contrast to this, free radical solution polymerization of 3 in acetonitrile may result in a lower molecular weight of the anionic polymer 7. The presence of the solvent may cause a decrease in the polymerization rate on the one hand and a lower molecular weight of 7 compared to 8 on the other hand. However, application of a solvent was necessary because 3 is solid at the polymerization temperature selected, and it undergoes selfpolymerization during melting even in the absence of any initiator. Therefore, the ionic liquid monomer 6 may be preferred over the solid ionic monomer 3 because polymer synthesis can be carried out in the absence of any solvent. The latter has advantages for health and environment. Furthermore, the glass transition temperature (T g ) of the polymers is important for their application.
Comparing the glass transition temperature of the tacky ionic polymers 7 and 8 (Scheme 5) shows an only slightly higher T g value for 8 compared to 7 (Table 1 ). However, the T g values are significantly lower for the tacky polymers than for the already known powder-like Poly(BVImNTf 2 ), see Table  1 . [7] The bulky trimethylsilylmethyl substituent containing in 8 instead of the n-butyl substituent in the known Poly(BVImNTf 2 ) may cause the lower glass transition temperature of 8 compared to Poly(BVImNTf 2 ), see Scheme 5. Furthermore, differences in the melting behavior exist for the corresponding monomers 3, 6, BVImNTf 2 , and an ionic liquid model compound 2 as well (Scheme 5 and Table 1 ). BVImNTf 2 and the ionic liquid model compound 2 were selected for comparison with 6 because these ionic liquids have the same anion. The new ionic liquid monomer 6 differs from the known ionic liquid monomer BVImNTf 2 only by the trimethylsilylmethyl substitutent at the imidazolium ring instead of a butyl group in case of the known monomer. The presence of the NTf 2 − anion in BVImNTf 2 , 2, and 6 causes the low glass transition temperature of these ionic liquids, although 6 shows semicrystallinity ( Table 1 ). Variation of the cooling rate (2, 5, and 10 K/min) did not change the semicrystalline behavior of 6. In contrast to this, selection of the styrene sulfonate as counter ion in 3 results in the high melting point of this monomer that undergoes selfinitiated polymerization during melting at around 100 C in the absence of any initiator. As the polymerizable anion is a styrene derivative, it may cause the selfinitiated polymerization of 3 during melting. [30] [31] [32] [33] [34] [35] S C H E M E 5 Chemical structure of the ionic liquid 2, the ionic monomer 3 comprising a polymerizable functional group at the anion, and the ionic liquid monomers 6 and BVIm NTf 2 containing a polymerizable functional group at the cation as well as ionic polymers composed of either a polyanion and mobile cations (7) or a polycation and mobile anions ( T A B L E 1 Results of DSC measurements obtained for the ionic liquid 2, the ionic liquid monomers 6 and BVImNTf 2 , [7] the ionic monomer 3 that undergoes self polymerization during melting, as well as the ionic polymers 7, 8, and Poly(BVImNTf 2 ), [7] [glass transition temperature (T g ), temperature for recrystallization (T recryst ), and melting point (T m )] BVIm NTf 2 −76 (T g ) [7] Poly(BVIm NTf 2 ) 46 [7] 4 | CONCLUSIONS
The new synthesized ionic monomers containing a trimethylsilylmethyl substituent at the imidazolium cation and NTf 2 − or styrene sulfonate as anion significantly differ in their properties that is mainly attributed to differences in both the structure of the anion and the interactions between the cation and the anion. As expected by comparison with another ionic liquid and ionic liquid monomer containing NTf 2 − as anion, the 1-trimethylsilylmethyl-3-vinylimidazolium NTf 2 − is an ionic liquid monomer as well. In contrast to this, the 1-trimethylsilylmethyl-3-methylimidazolium styrene sulfonate is a crystalline monomer at room temperature that undergoes self polymerization during melting at around 100 C. The differences in the reactivity of the vinyl group bound at the imidazolium ring in case of the ionic liquid monomer on the one hand and at the phenyl ring in case of the solid ionic monomer on the other hand, self polymerization of 3 during melting at elevated temperature, and the large differences in the lower limit of the liquid range of these ionic monomers cause the selection of different polymerization techniques, which are bulk polymerization in case of the ionic liquid monomer 6 and solution polymerization of the solid ionic monomer 3. From this one can conclude, that the ionic liquid monomer 6 containing a polymerizable cation is preferred over 3 for polymer synthesis. Though the ionic polymers 8 and 7 are tacky materials at ambient temperature they may function as interlayer or adhesive. Furthermore, bulk polymerization of the ionic liquid monomer 6 may be a beneficial technique also for membrane manufacturing because a thin ionic liquid monomer film can be directly transferred into a solid membrane in the absence of any solvent. The trimethylsilylmethyl substituent bound at both new monomers and their corresponding polymers may contribute to an improved adhesion on silica. Future directions may put the focus on ionic liquid monomers substituted with more flexible linear silicon containing substituents at the imidazolium ring because of a possibly higher impact of the flexible silicon chain on the physical properties of both the resulting monomers and polymers derived of them.
